Carbon nanofibers were prepared by the exfoliation of natural graphite flake in a propylene carbonate solution containing a lithium salt and sonication. The electrochemical behavior of the carbon nanofibers used as the negative electrode in lithiumion batteries was investigated. Carbon nanofibers heat-treated at 600 °C had a diameter of several tens of nanometers. From X-ray diffraction measurements and Raman spectroscopy, it was found that a graphitic structure derived from natural graphite flake remained in the carbon nanofibers. Carbon nanofibers heat-treated at 400 °C showed a higher reversible capacity than NG-7 (natural graphite powder) and a rapid response in the cyclic voltammogram. This is on account of the nanosize effect. The best electrochemical performance among all the carbon nanofibers was obtained by heat treatment at 400 °C. The rate performance of the carbon nanofiber heat-treated at 400 °C was also examined.
Carbon nanofibers were prepared by the exfoliation of natural graphite flake in a propylene carbonate solution containing a lithium salt and sonication. The electrochemical behavior of the carbon nanofibers used as the negative electrode in lithiumion batteries was investigated. Carbon nanofibers heat-treated at 600 °C had a diameter of several tens of nanometers. From X-ray diffraction measurements and Raman spectroscopy, it was found that a graphitic structure derived from natural graphite flake remained in the carbon nanofibers. Carbon nanofibers heat-treated at 400 °C showed a higher reversible capacity than NG-7 (natural graphite powder) and a rapid response in the cyclic voltammogram. This is on account of the nanosize effect. The best electrochemical performance among all the carbon nanofibers was obtained by heat treatment at 400 °C. The rate performance of the carbon nanofiber heat-treated at 400 °C was also examined.
KEYWORDS : Carbon nanofiber, Lithium-ion battery, Exfoliation, Co-intercalation, Negative electrode
Introduction
Carbonaceous materials have been widely used as the negative electrode materials in lithium-ion batteries (LIB) 1) . In particular, graphitic carbon is a suitable negative electrode material owing to its high capacity, high cycleability, flat and low working potential, and so on. Nowadays, LIBs are expected to be the power sources for electric vehicles (EV), plug-in hybrid EVs, and hybrid EVs on account of their high energy densities. However, high rate performance, improved safety, and a longer life are required for practical use in these EVs.
The rate performance of LIBs can be enhanced by the reduction in internal resistances caused by the lithium-ion diffusion in active materials and the electrolyte, lithium-ion transfer at the interface between the electrode and electrolyte, and the electron transfer at the interface between the current collector and the electrode. The use of nanosized materials would decrease the apparent interfacial resistance and diffusion resistance 2), 3) . Hence, nanosized graphitic carbon materials are quite attractive for the use as negative electrode materials.
Carbon nanotubes and graphitized carbon nanospheres have been reported as nanosized graphitic materials 4), 5) . These nanosized graphitic carbon materials showed high rate performance; however, they are very costly and are not suitable for practical application. when used as the negative electrode in LIBs.
Experimental
Chinese natural graphite flakes with an average particle size of 2 mm were used as the starting materials. The natural graphite flakes were pressed into a pellet and then wrapped with a nickel mesh. The graphite flake pellet was used as a working electrode and lithium metal was used as a counter electrode. The two-electrode cell shown in Fig. 1 was assembled with an electrolyte solution of 1 mol dm
LiCF 3 SO 3 dissolved in PC in an Ar-filled glove box. The electrochemical cell was short-circuited for 7 days. The black deposits in the cell were gathered and sonicated in ethanol for over an hour. The obtained black deposits were vacuum dried at 80 °C for 24 h. The dried black deposits were heat treated in an argon atmosphere for 10 h at 400, 600, 800 and 900 °C.
The obtained samples were characterized by transmission electron microscopy (TEM), Raman spectroscopy (Ar + laser with 514.5 nm), and X-ray diffraction (XRD) measurement (CuKα line).
A three-electrode cell was used to perform electrochemical measurements. A composite electrode consisting of the obtained sample and poly(vinylidene difluoride) at a weight ratio of 9 : 1 was used as a working electrode. Natural graphite with an average particle size of 7 µm (NG-7) was used as a reference sample. Lithium metal was used as a counter electrode and a reference electrode; the electrolyte solution was 1 mol dm −3 LiClO 4 /ethylene carbonate (EC)+ diethyl carbonate (DEC) (1 : 1 by volume). Unless stated otherwise, the potential is referred against Li/Li + . The cell was assembled in an Arfilled glove box. Cyclic voltammetry and charge-discharge (constant current) measurements were performed. In this paper "charge" means intercalation direction and "discharge" means de-intercalation direction.
Results

Structure of CNFs
Initially, the morphology of the resulting samples was investigated by TEM observation. Fig. 2 shows a typical TEM image of the resulting sample after the heat treatment at 600 °C. In the TEM image, fiber-like materials with a diameter of several tens nanometers could be seen. The fiber-like materials were not tubular; therefore,
we could obtain carbon nanofibers by a simple method. Hereafter, carbon nanofiber material that was not heat treated is abbreviated as raw-CNF and carbon nanofibers heat treated at x °C are abbreviated as CNF-x. Similar images were obtained for samples heat treated at other temperatures. In order to examine the crystallinity of CNFs, XRD measurements and Raman spectroscopy were performed. , which is related to the crystallinity of carbonaceous materials, is usually observed in graphite and is assigned to the Raman active E 2g mode frequency (G band) 9) . The peak at approximately 1360 cm −1 is ascribed to the Raman inactive A 1g mode frequency. The peak at approximately 1360 cm −1 appears in the case of finite crystal size and imperfect carbonaceous materials and is attributed to the D band. In the Raman spectra, the intensity of the D band was increased by the heat treatment. This may be explained as follows. The by-products were eliminated by the heat treatment and then the surfaces of the CNFs were destroyed. However, heat treatment at low temperature could not recover the surface crystallinity of the CNFs. intercalation/de-intercalation potential of CNF-400 was lower than that of NG-7. This result indicates that the reaction rate of CNF-400
Electrochemical properties of CNFs
was faster than that of NG-7. This result is probably due to the small charge-transfer resistance owing to the enhancement of the surface area and the short diffusion length that resulted from nanosizing of graphite.
Next, the charge-discharge characteristics of the CNF-xs were measured. Fig. 6 shows the charge and discharge profiles (current density: 12/C= 31 mA g −1 ) at the 5th cycle of CNF-xs and NG-7.
The shapes of the charge-discharge curves depended on the heattreatment temperature (HTT). At HTT below 600 °C, the shape of the charge-discharge curves resembled that of NG-7; however, at HTT above 800 °C, the shape of charge-discharge curves did not resemble that of NG-7 and showed the similar characteristics similar to those of low-crystallized carbon 11) . This result showed that excess heat treatment impaired the electrochemical properties of CNF-xs owing to the formation of the defects that were suggested in the Raman spectra. Table 1 summarizes the charge-discharge characteristics of the CNF-xs and NG-7. The CNF-xs showed low coulombic efficiency compared to NG-7. The low coulombic efficiency of the CNF-xs was ) and the discharge process was carried out at various C-rates. Table 2 shows the charge-discharge characteristics plotted in Fig. 7 . For any C-rate, coulombic efficiency was approximately 90% and discharge capacity was ca. 270 mA h g −1 at
12C. Hence, we found that CNF-400 is quite attractive as the negative electrode in a LIB for high rate use.
Conclusion
Natural graphite flakes were electrochemically exfoliated by the co-intercalation of a lithium ion and propylene carbonate. After sonication, carbon nanofibers were obtained. Superior crystallinity of carbon nanofibers was obtained by heat treatment at 400 °C and was verified by X-ray diffraction patterns and Raman spectra. The charge-discharge behavior resembled that of the graphite at HTT of 400 °C and 600 °C. However, defects were introduced by heat treatment at high temperature (over 800 °C), and the charge-discharge behavior resembled that of low crystallized carbons. Rate performance of carbon nanofiber heat treated at 400 °C was superior on account of the enhancement of the surface area and the short diffusion length that resulted from nanosizing of graphite. The prepared method for obtaining carbon nanofibers with morphological control is easy and simple; hence, it is considered as an attractive method.
Fig. 6
Charge-discharge profiles at the 5th cycle of CNF-xs and NG-7. "Discharge" denotes extraction of lithium ions and "charge" denotes insertion of lithium ions.
Fig. 7
Rate capability of CNF-400. Charge was carried out at C/3 and discharge was carried out various C-rates. 
